Context: Many children with idiopathic short stature have a delayed bone age. Idiopathic short stature with advanced bone age is far less common.
L
ongitudinal bone growth occurs at the growth plate by endochondral ossification. At the growth plate, chondrocyte proliferation, chondrocyte hypertrophy, and cartilage matrix secretion contribute to chondrogenesis and thus to growth (1) . The newly formed cartilage is continuously invaded by blood vessels and bone cells that remodel it into new bone tissue. The net result is bone elongation (2) . This process of longitudinal bone growth is governed by a complex network of endocrine, paracrine, and intracellular mechanisms (3, 4) . Consequently, short stature could potentially be caused by mutations in any of the many genes that directly or indirectly affect the process of chondrogenesis at the growth plate (5, 6) .
Currently, only a minority of children with short stature can be provided with a molecular diagnosis such as a genetic defect in the growth hormone/IGF-I axis or a specific skeletal dysplasia. Instead, a large proportion of children with short stature are given the diagnosis, idiopathic short stature (ISS). ISS is defined as a height that is at least two standard deviation scores (SDS) below the mean for age, sex, and population without evidence of systemic, endocrine, nutritional, or genetic abnormalities (7) . ISS is a diagnosis of exclusion and thus likely includes many different etiologies. Recently, however, genetic diagnoses have been identified in subgroups of patients with ISS, including mutations and deletions in the short stature homeobox gene (SHOX) (8) , heterozygous mutations in the natriuretic peptide receptor-2 (NPR2) gene (9, 10) and protein-tyrosine phosphatase, nonreceptor type, 11(PTPN11) (11) .
Bone age, assessed from a standard left hand and wrist radiograph, is useful both in the evaluation and prognosis of short stature (12) . Short stature is most commonly associated with a delayed bone age, including in most endocrine diseases, malnutrition, chronic disease, and also frequently in ISS. Conversely, advanced bone age is common with tall stature, occurring in precocious puberty and hyperthyroidism. The combination of short stature and advanced bone age is much less common, and, when it occurs, results in a poor height prediction and marked adult short stature.
Here we describe individuals from three families with ISS marked by accelerated bone maturation and premature growth cessation due to heterozygous aggrecan (ACAN) mutations. 
Patients and Methods

Subjects
Sequencing
Whole-exome sequencing of the participants in Families 1 and 3 was conducted from genomic DNA isolated from blood or saliva and was performed at the Broad Institute (Cambridge, MA) while Family 2 underwent whole-exome sequencing at Boston Children's Hospital Genomic Diagnostic Laboratory. Hybrid selection was performed using Agilent's SureSelect Human All Exon Kit (Agilent Technologies). We sequenced the samples using the Illumina HiSeq platform (Illumina) and aligned the resulting reads to the human reference genome version 19 with Burrows-Wheeler Aligner (http://bio-bwa.sourceforge.net/) (13) . We then applied the Genome Analysis Toolkit (http://www. broadinstitute.org/gatk) (14) base quality score recalibration, and indel realignment, and performed single nucleotide polymorphism and indel discovery and genotyping using variant quality score recalibration (15) . We included in our study only variants that passed all quality filters. Variants were annotated for functional effect using SnpEff 2.0.5 for Families 1 and 3 (http://snpeff.sourceforge.net/) (16) and Annovar (http://www. openbioinformatics.org/annovar/) for Family 2.
Variant filtering and analysis
We hypothesized that the patients had rare, highly penetrant genetic variants causing their short stature. We only considered variants that were not present in the 1000 Genomes Project (November 2012 release) and the National Heart, Lung, and Blood Institute exome variant server (ESP 6500 release). We also limited our analysis to variants that were predicted to have an effect on the protein coding sequence, including nonsynonymous codon changes, frameshift variants, splice site variants, and coding indels.
For missense variants, functional effect was assessed with the PolyPhen2 prediction tool, which estimates the effect of missense variants (17) . A score of 0.00 is least likely to perturb protein function, whereas a score of 1.00 suggests a missense variant that is most likely to perturb protein function. Protein function was summarized using information found in the UniProt database (www.uniprot.org) (NM_001135.3; NP_001126.3). The Online Mendelian Inheritance of Man (www.omim.org) database was used to identify any known disease associations.
For all three families, based on the pedigrees, a dominant mode of inheritance was assumed for the analyses.
Family 1
The index case ( Figure 1A ) is an 8-year-and-5-month-old Caucasian male with proportional short stature and markedly advanced bone age ( Figure 2A , Table 1 ). He was born short for gestational age (birth length, 42.5 cm, Ϫ4.2 SDS; birth weight, 2.78 kg, Ϫ1.9 SDS) at 40 weeks of gestation. Growth rate has been below normal at least since 2 years of age (Figure 2A ). At the time studied he was noted to be a short, proportional, and prepubertal boy with mild midface hypoplasia, flat nasal bridge, mild prognathism, and no signs of sex steroid exposure, and specifically no palpable gynecomastia. (Table 1 ; Figure 3A -B). Repeated endocrine evaluations have been normal with no indications of GH deficiency, hypothyroidism, early puberty, or condition of increased sex steroid production (http://press. endocrine.org/doi/suppl/10.1210/jc.2013-1332/suppl_file/jc-14-1332.pdf Supplemental Table 1 ). At chronologic age 5 years 2 months his bone age was markedly advanced at 9.0 years. Since then, his bone age has remained advanced approximately 4 years above chronologic age on repeat bone age assessments ( Figure  2A , Supplemental Figure 1 ). Comparative genomic hybridization microarray did not detect any deletions or duplications. Skeletal survey performed at 7 years and 5 months of age was normal with no signs of a skeletal dysplasia. Bone mineral density assessment using Dual X-ray Absorptiometry revealed bone mineral densities in the normal range (Supplemental Table 1 ; Lunar iDXA; Combined NHANES/Lunar matched for age, sex, and ethnicity).
The mother ( Figure 1A ), is 145.9 cm and was, by history, of normal height until her linear growth ceased at the age of 10 years (2 years before menarche). At 15 years of age a bone age x-ray revealed that all growth plates were fused. She has midface hypoplasia with a flat nasal bridge. The younger brother (Figures 1A, and 3, C and D, Table 1 ) of the index case has similar features and a stature at the lower end of the normal range (Table 1 , Figure 2B ). He has mild midface hypoplasia, flat nasal bridge, and prognathism ( Figure 3D ). At the time studied, he was 5 years 10 month old, prepubertal with no signs of sex steroid exposure, and a height of 105.7 cm (Ϫ1.8 SDS). His bone age was markedly advanced at 8 years and 9 months resulting in a predicted adult height of 148 cm (Ϫ4.0 SDS). His endocrine evaluation including GH stimulation testing was normal (Supplemental Table 1 ).
Family 2
The proband ( Figures 1B and 3 , E-F) is an African American girl who was born full term after an uncomplicated pregnancy with a birth weight of 3.06 kg (Ϫ1.0 SDS) and her height has been close to the third percentile during most of her childhood ( Figure  2C ). Her growth ceased at approximately 12 years of age despite a normally timed puberty. Thelarche occurred at approximately 9.5 years of age, and menarche at 11 years and 5 months. At a chronologic age of 12 years and 7 months, her bone age was 14 years and 0 months. She has well-controlled type 1 diabetes mellitus, diagnosed at age 9 years of age. She has only very mild dysmorphic features with a somewhat broad forehead, mild midface hypoplasia, posteriorly rotated ears, exaggerated lumbar lordosis, brachydactyly, and broad great toes ( Figure 3E -F). Her adult height is 137.2 cm (Ϫ4.0 SDS). Laboratory evaluation has not revealed a hormonal or other systemic explanation for her short stature (Supplemental Table 1 ).
The mother is 144.9 cm (Ϫ2.8 SDS) and grandmother is 145.8 cm (Ϫ2.7 SDS) and both have similar features including exaggerated lumbar lordosis and brachydactyly ( Figure 1B , Table 1 ). The father of the proband was not available for study.
Family 3
The index case ( Figures 1C and 3 , G and H) was born full term at a birth weight of 2.64 kg (Ϫ2.1 SDS) and birth length of 47 cm (Ϫ2.0 SDS). Height was close to Ϫ3 SDS (first percentile) until the age of 6.5 years when her growth rate declined ( Figure 2D ). Thelarche occurred at 10 years of age. She was evaluated for short stature at the age of 11.5 years of age, at which time she was at midpuberty (Tanner stage B3/Ph4) and still premenarcheal. She was noted to have relative macrocephaly (Head circumference Ͼ2 SDS), mild bilateral genu valgum, and short thumbs ( Figure 3H ). Laboratory evaluation was normal (Supplemental Table 1 ). A skeletal survey was normal with no signs of a skeletal dysplasia. A bone age assessment at age 11 years and 7 months revealed an advanced bone age of 13 years and 0 months (ϩ1.4 SDS) resulting in a predicted adult height of 130 cm. She was started on a long-acting GnRH agonist (leuprolide acetate, 11.25 mg i.m. every 4 weeks) at age 11 years 7 months and GH was added at 12 years of age ( Figure 2D ). Repeat bone age assessments during GnRH analog treatment at chronologic age 12 years 5 months, and at 13 years 5 months were read as 13 years and 0 months, confirming that GnRH agonist treatment successfully blocked bone age advancement. Both GnRH agonist and GH treatments were discontinued at 13.5 years and she stopped growing shortly thereafter at a final adult height of 135.8 cm (Ϫ4.2 SDS, Figure 2D ). Menarche occurred at 14.5 years of age. In addition, she has a history of persistent pain in both knees and a knee x-ray and magnetic resonance imaging detected multiple osteochondral lesions along the weight-bearing parts of the medial femoral condyles consistent with osteochondritis dissecans. The proband's mother ( Figure 1C ; II:5) has proportional short stature and similar features including short, broad thumbs. Her height is 138.2 cm (Ϫ3.8 SDS) and she stopped growing at 12 years of age despite a late puberty with menarche at age 18 years. The proband's maternal uncle (height: 157.5 cm; Ϫ2.7 SDS) and maternal grandfather (height:160.0 cm; Ϫ2.3 SDS) also have a history of early growth cessation. Both the mother and uncle ( Figure 2C ; II:2) have severe bilateral knee arthritis and the mother has been referred for knee replacement surgery at the age of 38 years. The proband's first cousin ( Figure 1C ; III:4) was born full term with a normal birth weight (3.57 kg, Ϫ0.4 SDS) and birth length (48 cm, Ϫ1.6 SDS). Since a young age, she had been growing at the 25th percentile for length/height. At the age of 3 years and 7 months her growth rate is decelerating and she was found to have an advanced bone age of 5 years 9 months (Table 1) . She does not have any history or clinical signs or symptoms of sex steroid exposure.
Results
Family 1
Whole-exome sequencing was performed in the three affected individuals: the proband, his brother, and 
Family 2
For Family 2, we conducted whole-exome sequencing in the affected proband and her affected mother. We filtered for novel variants present in the heterozygous state in both individuals and identified 60 variants meeting all filtering criteria. We nominated a novel splice donor site variant in ACAN (c.2026ϩ1GϾA) as the causal variant, because the variant replaces a highly conserved residue in a splice donor site ( Figure  4 , S2). Disruption of a highly conserved splice donor site is likely to result in incorrect splicing and will thus alter the down-stream amino acid sequence. We confirmed via Sanger sequencing that the variant was present in the proband, her mother, and her affected grandmother (Supplemental Figure 2B) .
Family 3
For family 3, we conducted whole-exome sequencing in the proband, her unaffected brother, and her affected first cousin. We filtered for variants present in the heterozygous state in both affected individuals, but homozygous reference in the Figure 2D) . ACAN was the only gene with a novel nonsynonymous variant that segregated with the phenotype in all three families. Because Family 3 only had a single candidate variant, we also looked for overlap of any candidate genes between Families 1 and 2 only. Again, ACAN was the only gene with a variant meeting our criteria that was shared between these two families.
Discussion
In this study we describe three families with a rare autosomal-dominant form of ISS with advanced bone age, early growth cessation, but only subtle other skeletal abnormalities. Using whole-exome sequencing, we identified novel heterozygous nonsynonymous genetic variants in the aggrecan gene (ACAN) with perfect segregation within three families, i.e. the ACAN variants were detected in all affected, but in none of the unaffected family members.
The clinical features of short stature, advanced bone age, and early osteoarthritis observed in our subjects are readily explained by the known biological roles of aggrecan. Aggrecan is a critical proteoglycan component of the cartilage matrix, both in articular and growth plate cartilage, thus accounting for the dual phenotypic effects on both these types of cartilage. Consistent with this explanation, homozygous mutations in ACAN in both mice and chicks severely disrupt growth plate function and impair bone elongation (18, 19) . In both species, chondrocytes are tightly packed, with little intervening matrix. In chicks, there is evidence for abnormal Indian hedgehog, fibroblast growth factor, and bone morphogenetic protein signaling, leading to premature hypertrophic chondrocyte maturation (18) . Because hypertrophic differentiation induces vascular invasion and ossification of growth cartilage (3), these findings provide a likely explanation for the advanced bone age, premature growth cessation, and early epiphyseal fusion observed in the current study.
The combination of short stature with advanced bone age is rare and has to our knowledge only been reported in eight syndromes. Interestingly, most known causative mu- tations either impair proteoglycan synthesis, as in our patients and in inactivating mutations of CANT1 causing Desbuquois dysplasia type 1 (20, 21) and inactivating mutations of XYLT1 causing Desbuquois dysplasia type 2 (22), or decrease signaling through the cAMP-protein kinase A signaling pathway, as in Albright's hereditary osteodystrophy (23), inactivating mutations of PRKAR1A causing Acrodysostosis type 1 (24) and activating mutations of PDE4D causing Acrodysostosis type 2 (25), thus indicating that abnormal extracellular matrix or decreased PTHrP signaling in the growth plate result in accelerated bone age progression, premature growth cessation, and hastened epiphyseal fusion (26) . Before this report, only three families with skeletal dysplasias due to ACAN mutations had been reported. One reported family manifested with a skeletal dysplasia, which was termed spondyloepimetaphyseal dysplasia, aggrecan type (SEMD). The disorder was characterized by extreme short stature (adult height stature Ϫ14 to Ϫ15 SDS), severe midface hypoplasia, low-set, posteriorly rotated ears, prognathism, short neck, platyspondyly, brachydactyly, broad thumbs, and barrel chest, and was caused by a homozygous missense mutation (p.D2343N) in the G3 C-type lectin domain of the ACAN gene ( Figure  4 ) (27) . Heterozygous carriers of the mutation exhibited short stature with mean adult heights of approximately Ϫ2 to Ϫ4 SDS. Neither homozygous patients nor heterozygous carriers exhibited early-onset osteoarthritis. In contrast, one family with familial osteochondritis dissecans presented with early-onset, severe osteoarthritis and osteochondritis dissecans (28) due to a heterozygous missense mutation (p.V2379M), also in the C-type lectin domain ( Figure 4) (29) . These patients, similar to the heterozygous carriers of the SEMD mutation, exhibited short stature with mean adult heights of approximately Ϫ2 to Ϫ4 SDS (28) . In a third reported family affected members showed a mild skeletal dyplasia, which was termed spondyloepiphyseal dysplasia, Kimberly type (SEDK) and was characterized by proportional short stature (adult heights approximately Ϫ2.0 to Ϫ4.9 SDS), with vertebral body deformities and end plate irregularities, and progressive generalized osteoarthropathy (30) . The causal variant for SEDK was a frameshift mutation in exon 12 ( Figure 4 ) in the chondroitin sulfate binding domain of ACAN (31) . Here, we show evidence that heterozygous mutations in ACAN also can cause a mild skeletal dysplasia characterized by short stature and advanced bone age. Our patients have short stature, variable, mild facial dysmorphism, and brachydactyly, but do not exhibit the vertebral body deformities detected in SEDK and SEMD. It is interesting to note that heterozygous carriers of the SEMD mutation, as well as the individuals with SEDK, and familial osteochondritis dissecans all have adult heights similar to that of the affected individuals in our families, ie, Ϫ2 to Ϫ4 SDS (27, 28, 30) . In addition, individuals in the family with osteochondritis dissecans were reported to grow at a low normal percentile (height SDS, Ϯ0 to Ϫ2) during childhood with poor pubertal growth spurts resulting in adult heights below the normal range (height SDS, Ϫ2 and Ϫ4) (28) . This growth pattern is similar to that of our patients, indicating that accelerated bone maturation may contribute to the short stature of patients with familial osteochondritis dissecans as well.
All known heterozygous aggrecan mutations detected to date cause short stature of similar severity, indicating that they similarly affect growth plate cartilage. However, only some mutations seem to affect the articular cartilage and cause early-onset osteoarthritis. Families 1 and 2 have early-frameshift or splice-site mutation (Figure 4 ), which are likely to cause early truncation of the protein and may therefore functionally represent haploinsufficiency of ACAN. These families have short stature but no evidence of early-onset osteoarthritis, suggesting that ACAN haploinsufficiency primarily affects growth plate cartilage. Family 3 and the previously reported familial osteochondritis dissecans family have missense mutations in the Ctype lectin domain ( Figure 4 ) and articular disease, suggesting that the presence of aggrecan protein with a dysfunctional C-type lectin domain causes a more severe phenotype affecting both growth plate and articular cartilage function. This hypothesis might also explain SEDK, which shows osteoarthritis, because the frameshift is predicted to eliminate the c-type lectin domain but leaves a more intact protein than the early mutations of Familes 1 and 2. However, SEMD is also caused by a missense mutation in the C-type lectin domain, but heterozygous carriers do not exhibit early-onset articular disease (27) . This is possibly because this particular mutation may only partially disrupt the important interactions with Tenascins, fibulins, and other matrix proteins (32, 33) .
In our patients, accelerated bone maturation occurs well before puberty and may thus be estrogen independent. However, the fact that affected females seem to experience sudden growth cessation early in puberty taken together with the finding that GnRH analog treatment essentially froze bone age progression in the proband of Family 3 suggest an important role for estrogen. Taken together, the findings suggest that, in this disorder, accelerated bone age progression occurs during childhood independent of estrogen but that, as in normal adolescents, estrogen plays an important role in driving bone age progression and linear growth deceleration to completion. Whether the same pathways that are implicated in ACAN deficiency, i.e. Indian hedgehog, fibroblast growth factor, and bone morphogenetic protein signaling (18) , also mediate the effects of estrogen on bone age acceleration and early growth cessation is not known. Interestingly, our subjects seemed to undergo growth cessation even earlier than their advanced bone ages would suggest, highlighting the inherent inaccuracy of height prediction by bone age assessment in children with underlying genetic growth disorders.
We identified three novel loss-of-function variants mutations in ACAN in three families, all with the rare combination of short stature, advanced bone age, and premature growth cessation. Although we did not study the effects of the mutations on aggrecan or growth plate function, several lines of evidence suggest that these mutations are likely to have caused the disorder. First, the variants cosegregate precisely with the disorder in all three families. Second, there is strong biological plausibility. Aggrecan is the major proteoglycan in cartilage. Mutations in this gene cause premature hypertrophic differentiation of growth plate chondrocytes (18) , and mutations in other genes affecting proteoglycan synthesis, also present with short stature and advanced bone age (20 -22) . Third, the mutations, an early frameshift, a substitution in a highly conserved base-pair of a splice donor site, and a missense mutation in a highly conserved residue, are all strongly predicted to affect protein function. Fourth, the growth pattern of our patients as well as the early-onset osteoarthritis and osteochondritis dissecans of Family 3 are largely consistent with previously reported cases of heterozygous, loss-of-function mutations in ACAN. Thus, taken together, our findings strongly suggest that the identified variants are causative. However, further mechanistic studies to elucidate the effect of the genetic variants on mRNA splicing, protein expression, protein function, as well as studies using genetically modified mouse models to elucidate the downstream mechanisms by which the specific variants affect growth plate chondrogenesis, skeletal maturation, and articular cartilage would provide more rigorous tests of causality and could clarify the mechanisms by which ACAN mutations alter growth plate and articular cartilage development and function.
In summary, we report three families with novel heterozygous variants in the ACAN gene associated with short stature, advanced bone age, variable mild dysmorphic features, and early-onset osteoarthritis. These families indicate that ACAN mutations, in addition to presenting to the clinician as an evident skeletal dysplasia or with early-onset osteoarthritis, also can present as autosomal-dominant short stature with advanced bone age and early growth cessation despite normally timed puberty. Our findings thus double the number of reported families with ACAN mutations, expand the clinical spectrum, and provide a novel molecular genetic etiology for the unusual child with short stature and accelerated skeletal maturation.
